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Abstract
We study a gauged B−L extension of the standard model where the new fermions with fractional
B − L charges that play the role of keeping the model anomaly free can also explain the origin of
neutrino mass at one loop level as well as dark matter. We discuss two different versions of the
model to realise fermion and scalar dark matter, both of which guarantee the dark matter stability
by a remnant discrete symmetry to which U(1)B−L gauge symmetry gets spontaneously broken
down to. Apart from giving rise to the observed neutrino mass and dark matter abundance, the
model also has tantalising signatures at variety of experiments operating at cosmic, intensity and
energy frontiers, particularly direct and indirect detection experiments of dark matter, rare decay
experiments looking for charged lepton flavour violation as well as collider experiments. The model
also predicts vanishing lightest neutrino mass that can be tested at experiments sensitive to the
absolute neutrino mass scale.
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I. INTRODUCTION
Tiny but non-zero neutrino masses and large leptonic mixing have been confirmed by
several experiments for more than a decade till now [1–10]. Specially, the more recent
experimental results from the T2K [5], Double Chooz [6], Daya Bay [7], RENO [8] and
MINOS [9] experiments have not only confirmed the results from earlier experiments but
also discovered the non-zero reactor mixing angle θ13. As the latest global fit results [11] say,
the three leptonic mixing angles and two neutrino mass squared differences are known upto
a great accuracy, upto a little uncertainty in the octant of the atmospheric mixing angle θ23.
The two presently unknown quantities in the neutrino sector are the mass hierarchy: whether
it is normal (m3 > m2 > m1) or inverted (m2 > m1 > m3), and the leptonic Dirac CP phase
δ 1. Apart from neutrino oscillation experiments, the neutrino sector is constrained by the
data from cosmology as well as rare decay experiments also. For example, the latest data
from the Planck mission constrains the sum of absolute neutrino masses
∑
i|mi| < 0.17 eV
[13]. On the other hand, search for neutrinoless double beta decay (0νββ) at experiments
like KamLAND-Zen [14] also constrains the lightest neutrino mass to lie below 0.05 − 0.1
eV. In fact, both the Planck and (0νββ) bounds disfavour the quasi-degenerate spectrum
of light neutrinos, showing preference for a hierarchical pattern. However, the (0νββ) limit
is applicable only for Majorana neutrinos, as such lepton number violating processes are
absent if neutrinos are purely Dirac fermion.
Although the issues of neutrino mass hierarchy, Dirac CP phase and the nature of neutrino
as a fermion (Dirac or Majorana) are not settled yet, we still have enough evidences to
suggest that neutrinos (at least two of them) have tiny but non-zero mass and have large
mixing. The Standard Model (SM) of particle physics, in spite of being established as the
most successful theory of elementary particles and their interactions (except gravity), can
not explain neutrino mass at the renormalisable level. The Higgs field, which lies at the
origin of all massive particles in the SM, can not have any Dirac Yukawa coupling with the
neutrinos due to the absence of the right handed neutrino. If the right handed neutrinos
are included by hand, one needs the Yukawa couplings to be heavily fine tuned to around
10−12 in order to generate sub-eV neutrino masses from the same Higgs field of the SM. At
1 A recent measurement hinted at δ ≈ −pi/2 [12].
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non-renormalisable level, one can generate a tiny Majorana mass for the neutrinos from the
same Higgs field of the SM through the dimension five Weinberg operator [15]. However,
the unknown cut-off scale Λ in such operators points towards the existence of new physics at
some high energy scale. There have been many proposals beyond the Standard Model (BSM)
where the effects of such higher dimensional operators can be realised within a renormalisable
theory by incorporating the existence of additional fields. They are popularly known as the
seesaw mechanism [16–19]. Apart from this conventional or type I seesaw, there exists other
variants of seesaw mechanism also namely, type II seesaw [20–24], type III seesaw [25] and
so on.
Apart from the problem of neutrino mass and leptonic mixing, another drawback the
SM suffers from is its inability to explain the origin of dark matter (DM) in the Universe.
In fact, the existence of DM has been known for a much longer time, starting from the
galaxy cluster observations by Fritz Zwicky [26] back in 1933, observations of galaxy rotation
curves in 1970’s [27], the more recent observation of the bullet cluster [28] to the latest
cosmology data provided by the Planck satellite [13]. The latest data from the Planck
mission suggest that DM gives rise to around 26% of the present Universe’s energy density.
In terms of density parameter and h = (Hubble Parameter)/(100 kms−1Mpc−1), the present
dark matter abundance is conventionally reported as [13]
ΩDMh
2 = 0.1198± 0.0015. (1)
In spite of these irrefutable observational evidences from astrophysics and cosmology con-
firming the presence of DM in the Universe, the particle nature of DM is still a mystery. No
laboratory experiment has so far been able to probe the particle DM directly. Although the
particle DM is not yet discovered, the observations suggest that a particle should satisfy cer-
tain requirements to be a DM candidate, some of which can be found in [29]. These criteria
undoubtedly rules out all the particles in the SM from being DM candidates. Although the
neutrinos satisfy some of these criteria yet they are too light to contribute 26% of present
Universe’s energy density as well as to allow large scale structure formation. They only
give rise to a tiny fraction of DM in the form of hot dark matter (HDM). This has led to
a plethora of BSM proposals suggesting different particle DM candidates. The most widely
studied scenario among them is perhaps the weakly interacting massive particle (WIMP)
paradigm where the DM particle has mass and interactions typically in the electroweak
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scale. Due to such sizeable interactions, the particle DM can be in equilibrium with rest of
the plasma in the early Universe and can give rise to a relic after thermal freeze-out. The
remarkable matching of this relic with the observed DM abundance is popularly known as
the WIMP Miracle. For a recent review, one may refer to [30]. The sizeable interactions of
WIMP DM with the SM particles can not only generate the correct relic abundance through
thermal freeze-out, but also leads to its direct detection prospects as such DM particle can
be produced at colliders like the Large Hadron Collider (LHC) or it can scatter off nuclei
kept in a detector. Several ongoing efforts are dedicated to DM searches at the LHC [31] as
well as direct detection experiments like LUX, PandaX-II and Xenon1T [32–35].
Although the origin of neutrino mass as well as leptonic mixing may be unrelated to the
fundamental origin of DM, it is highly motivating to look for a common framework that
can explain both the phenomena. This not only keeps the BSM physics minimal, but also
allows for its probe in a much wider range of experiments. Motivated by this here we study
a very well motivated BSM framework based on the gauged U(1)B−L symmetry, where B
and L correspond to baryon and lepton numbers respectively. This minimal and economical
model generating non-zero neutrino mass has been studied for a long time [22, 36–40]. The
most interesting feature of this model is that the inclusion of three right handed neutrinos,
as it is done in type I seesaw mechanism of generating light neutrino masses, is no longer
a choice but a necessity due to the requirement of the new U(1)B−L gauge symmetry to be
anomaly free. The model has also been studied in the context of dark matter by several
groups [41–45]. DM in scale invariant versions of this model was also studied by several
authors [46, 47]. The interesting feature of such a model from DM point of view is the
issue of DM stability that can be ensured in this model if the U(1)B−L gauge symmetry gets
spontaneously broken down to a remnant discrete symmetry like Z2, so that the lightest
Z2 odd particle can be stable. However, many U(1)B−L models also considered additional
discrete symmetries to ensure DM stability, for example [48, 49]. Although experimental
limits from LEP II constrain such new gauge sector by giving a lower bound on the ratio
of new gauge boson mass to the corresponding gauge coupling MZBL/gBL ≥ 7 TeV [50, 51],
there can be several interesting consequences of such extended gauge symmetry that can be
probed at several ongoing experiments. Motivated by these interesting features of a U(1)B−L
model, here we study another version of it, where the extra fermion singlet fields responsible
for anomaly cancellations can not only be viable DM candidates, but also take part in
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generating tiny neutrino masses at one loop level. Such radiative neutrino mass scenarios
where DM particles take part in the loop are commonly known as scotogenic models, after
the first such proposal by Ma [52]. A recent review of radiative neutrino mass models
can be found in [53]. The model that we study not only explains simultaneous origin of
neutrino mass and DM without introducing additional discrete symmetries but also predicts
the lightest neutrino mass to be zero. We discuss the possibility of both scalar doublet
and fermion singlet DM in such a model and show how they can give rise to difference
consequences, if the scalar sector is kept minimal. We also briefly discuss the new physics
contribution to charged lepton flavour violation as well as the prospects of probing such a
scenario at indirect detection experiments as well as colliders.
This paper is organised as follows. In section II, we briefly discuss the issue of triangle
anomalies in a gauged B−L model along with different possible solutions to make the model
anomaly free. In section III, we outline the minimal model to realise fermion dark matter
along with radiative neutrino mass. In section IV, we briefly summarise the procedures to
calculate the dark matter relic abundance followed by the discussion of fermion DM relic
abundance in section V. We then propose another version of the model in section VI that
can have scalar doublet DM. We discuss the constraints from direct and indirect detection
of DM in section VII and VIII respectively. We then discuss the new physics contribution to
charged lepton flavour violation in section IX and add a brief discussion on collider signatures
of the model in section X. We finally summarise our results and conclude in section XI.
II. GAUGED B − L SYMMETRY
As pointed out above, the B−L gauge extension of the SM is a very natural and minimal
possibility as the corresponding charges of all the SM fields under this new symmetry is well
known. However, a U(1)B−L gauge symmetry with only the SM fermions is not anomaly free.
This is because the triangle anomalies for both U(1)3B−L and the mixed U(1)B−L−(gravity)2
diagrams are non-zero. These triangle anomalies for the SM fermion content turns out to
be
A1
[
U(1)3B−L
]
= ASM1
[
U(1)3B−L
]
= −3
A2
[
(gravity)2 × U(1)B−L
]
= ASM2
[
(gravity)2 × U(1)B−L
]
= −3 (2)
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Remarkably, if three right handed neutrinos are added to the model, they contribute
ANew1
[
U(1)3B−L
]
= 3,ANew2 [(gravity)2 × U(1)B−L] = 3 leading to vanishing total of trian-
gle anomalies. This is the most natural and economical U(1)B−L model where the fermion
sector has three right handed neutrinos apart from the usual SM fermions and it has been
known for a long time. However, there exists non-minimal ways of constructing anomaly
free versions of U(1)B−L model. For example, it has been known for a few years that three
right handed neutrinos with exotic B − L charges 5,−4,−4 can also give rise to vanishing
triangle anomalies [54]. It is clear to see how the anomaly cancels, as follows.
A1
[
U(1)3B−L
]
= ASM1
[
U(1)3B−L
]
+ANew1
[
U(1)3B−L
]
= −3 + [−53 − (−4)3 − (−4)3] = 0
A2
[
(gravity)2 × U(1)B−L
]
= ASM2
[
(gravity)2 × U(1)B−L
]
+ANew2
[
(gravity)2 × U(1)B−L
]
= −3 + [−5− (−4)− (−4)] = 0 (3)
This model was also discussed recently in the context of neutrino mass [55, 56] and DM
[57–60] by several groups. Another solution to anomaly conditions with irrational B − L
charges of new fermions was proposed by the authors of [61] where both DM and neutrino
mass can have a common origin through radiative linear seesaw.
Very recently, another anomaly free U(1)B−L framework was proposed where
the additional right handed fermions possess more exotic B − L charges namely,
−4/3,−1/3,−2/3,−2/3 [62]. The triangle anomalies get cancelled as follows.
A1
[
U(1)3B−L
]
= ASM1
[
U(1)3B−L
]
+ANew1
[
U(1)3B−L
]
= −3 + [−(−4/3)3 − (−1/3)3 − (−2/3)3 − (−2/3)3] = 0
A2
[
(gravity)2 × U(1)B−L
]
= ASM2
[
(gravity)2 × U(1)B−L
]
+ANew2
[
(gravity)2 × U(1)B−L
]
= −3 + [−(−4/3)− (−1/3)− (−2/3)− (−2/3)] = 0 (4)
One can have even more exotic right handed fermions with B − L charges −17/3, 6,−10/3
so that the triangle anomalies cancel as
A1
[
U(1)3B−L
]
= ASM1
[
U(1)3B−L
]
+ANew1
[
U(1)3B−L
]
= −3 + [−(−17/3)3 − (6)3 − (−10/3)3] = 0
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A2
[
(gravity)2 × U(1)B−L
]
= ASM2
[
(gravity)2 × U(1)B−L
]
+ANew2
[
(gravity)2 × U(1)B−L
]
= −3 + [−(−17/3)− (6)− (−10/3)] = 0 (5)
Here we stick to the choice with four right handed neutrinos having B − L charges
−4/3,−1/3,−2/3,−2/3 and propose a common framework for the origin of neutrino mass
and DM. In the original reference where this possibility was proposed [62], the origin of
neutrino mass was considered to be through type II seesaw mechanism, which remains de-
coupled from the DM sector composed of the singlet fermions having exotic B − L charges.
The authors in fact constructed two Dirac fermions from the four singlet fermions by ap-
propriately choosing the chirality and studied the corresponding DM phenomenology. Here
instead of adding scalar triplet for type II seesaw, we consider the addition of scalar doublets
having appropriate B − L charges so that light neutrino mass can arise at one loop level,
allowing the possibility of both scalar doublet and fermion singlet DM scenario.
III. THE MINIMAL MODEL
In this section, we propose a U(1)B−L model based on the newly suggested
anomaly cancellation solution with four right handed neutrinos having B − L charges
−4/3,−1/3,−2/3,−2/3, but with a minimal scalar content to realise one-loop neutrino
mass. The fermion and scalar content of the model are shown in table I and II respectively.
The Yukawa Lagrangian for leptons can be written as
LY = Ye`LHeR + Yi4(`L)iiτ2η∗1N4 + Yi2(`L)iiτ2η∗2N2 + Yi3(`L)iiτ2η∗2N3
+ f1φ1N1N2 + f2φ1N1N3 + f3φ2N2N4 + f4φ2N3N4 + h.c. (6)
The scalar potential of the model can be written as
V = −µ2H |H|2 + λH |H|4 +
∑
i=1,2
(
µ2ηi |ηi|2 + ληi |ηi|4
)
+
∑
i=1,2
(−µ2φi |φi|2 + λφi |φi|4)
+
∑
i=1,2
λHηi(η
†
i ηi)(H
†H) +
∑
i=1,2
λ′Hηi(η
†
iH)(H
†ηi) +
∑
i=1,2
λHφi(φ
†
iφi)(H
†H)
+ λHη
(
(ηT1 H
†)(ηT2 H
†) + h.c.
)
+
∑
i,j=1,2
ληiφj(η
†
i ηi)(φ
†
jφj) + λφ(φ
†
1φ1)(φ
†
2φ2)
+ µφ
(
φ1φ1φ
†
2 + h.c.
)
(7)
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Particles SU(3)c × SU(2)L × U(1)Y × U(1)B−L
qL =
uL
dL
 (3, 2, 16 , 13)
uR (3, 1,
2
3 ,
1
3)
dR (3, 1,−13 , 13)
`L =
νL
eL
 (1, 2,−12 ,−1)
eR (1, 1,−1,−1)
N1 (1, 1, 0,−13)
N2 (1, 1, 0,−23)
N3 (1, 1, 0,−23)
N4 (1, 1, 0,−43)
TABLE I: Fermion Content of the Model
Particles SU(3)c × SU(2)L × U(1)Y × U(1)B−L
H =
H+
H0
 (1, 2, 12 , 0)
η1 =
η+1
η01
 (1, 2, 12 ,−13)
η2 =
η+2
η02
 (1, 2, 12 , 13)
φ1 (1, 1, 0, 1)
φ2 (1, 1, 0, 2)
TABLE II: Scalar content of the Minimal Model
We choose the mass squared terms of η1,2 to be positive so that the neutral components
of only H,φ1, φ2 acquire non-zero vacuum expectation value (vev). We denote these vev’s
as
〈H〉 = v√
2
0
1
 , 〈φ1〉 = u1√
2
, 〈φ2〉 = u2√
2
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The minimisation conditions of the above scalar potential corresponds to
µ2H = λHv
2 + λHφ1
u21
2
+ λHφ2
u22
2
µ2φ1 = λφ1u
2
1 + λφ
u22
2
+ λHφ1
v2
2
+
√
2µφu2
µ2φ2 = λφ2u
2
2 + λφ
u21
2
+ λHφ2
v2
2
+
1√
2
µφ
u21
u2
Writing down the kinetic terms of the relevant scalar fields as
Lkinetic ⊃ |(∂µ + ig ~T · ~W + ig′Y Bµ)H|2 + |(∂µ + igBLZ ′µ)φ1|2
+ |(∂µ + i2gBLZ ′µ)φ2|2 (8)
where Ti = σi/2, we can find out the masses of gauge bosons as
MW =
1
2
gv, MZ =
1
2
gv
√
1 +
(
g′
g
)2
, MZBL = gBL
√
u21 + 4u
2
2
The neutral scalar mass matrix constructed from the singlet Higgs fields is given by
M2φr =
 2λφ1u21 u1(λφu2 +√2µφ)
u1(λφu2 +
√
2µφ) 2λφ2u
2
2 − µφu
2
1√
2u2
 (9)
The neutral pseudoscalar mass matrix constructed from the singlet Higgs fields is given by
M2φi =
−2√2u2µφ √2u1µφ√
2u1µφ − u
2
1µφ√
2u2
 (10)
which clearly gives rise to a vanishing eigenvalue, corresponding to the Goldstone boson that
gets converted into the longitudinal mode of the U(1)B−L gauge boson. After the electroweak
symmetry breaking, these mass matrices become 3× 3 due to mixing with the components
of the Higgs doublet H. The neutral scalar mass matrix becomes
M2(Hφ)r =

2λHv
2 λHφ1u1v λHφ2u2v
λHφ1u1v 2λφ1u
2
1 u1(λφu2 +
√
2µφ)
λHφ2u2v u1(λφu2 +
√
2µφ) 2λφ2u
2
2 − µφu
2
1√
2u2
 . (11)
Assuming the third neutral Higgs to be very heavy and decoupled, we can find the mixing
between the light and next to lightest neutral Higgs (in the small mixing limit) as
tan 2θ1 ≈ 2 sin θ1 ≈ 2ξ = 2λHφ1u1v
2λφ1u
2
1 − 2λHv2
. (12)
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The mixing parameter ξ plays a non-trivial role in DM phenomenology as we discuss later.
Such a mixing can be tightly constrained by LEP as well as LHC Higgs exclusion searches as
shown recently by [63]. These constraints are more strong for low mass scalar and the upper
bound on the mixing angle can be as low as sin θ < 0.1 [63]. We consider a conservative
upper limit on the mixing parameter ξ ≤ 0.1 for our analysis. This can be easily satisfied
by suitable tuning of the parameters involved in the expression for mixing given in (12).
The neutral scalar mass matrix constructed from the doublets η1,2 is given by
M2ηr =
M2r11 M2r12
M2r21 M
2
r22
 (13)
where
M2r11 = µ
2
η1
+ (λHη1 + λ
′
Hη1
)
v2
2
+
1
2
(λη1φ1u
2
1 + λη1φ2u
2
2)
M2r12 = M
2
r21 = λHη
v2
2
M2r22 = µ
2
η2
+ (λHη2 + λ
′
Hη2
)
v2
2
+
1
2
(λη2φ1u
2
1 + λη2φ2u
2
2)
The pseudoscalar mass matrix constructed from the doublets η1,2 is given by
M2ηi =
M2i11 M2i12
M2i21 M
2
i22
 (14)
where
M2i11 = µ
2
η1
+ (λHη1 + λ
′
Hη1
)
v2
2
+
1
2
(λη1φ1u
2
1 + λη1φ2u
2
2)
M2i12 = M
2
i21 = −λHη
v2
2
M2i22 = µ
2
η2
+ (λHη2 + λ
′
Hη2
)
v2
2
+
1
2
(λη2φ1u
2
1 + λη2φ2u
2
2)
One can find the mass eigenstates of scalars and pseudoscalars using orthogonal rotations.
For example, the scalar mass eigenstates are
η′1r = η1r cos θ − η2r sin θ, η′2r = η1r sin θ + η2r cos θ
where
θ =
1
2
tan−1
(
2M2r12
M2r22 −M2r11
)
Similarly one can find the mass eigenstates of the pseudoscalars with a rotation angle θ′ =
−θ. It is straightforward to see that the scalars are degenerate with their pseudoscalar
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counterparts which can have serious consequences for dark matter physics as we discuss
later. The one loop neutrino mass arising from the diagram in figure 1 can be estimated as
νi νjNk Nl
η1 η2
〈H0〉 〈H0〉
FIG. 1: One loop neutrino mass for the particle content shown in table I, II
[52]
(mν)ij =
YikYjkMk
16pi2
(
m2R
m2R −M2k
ln
m2R
M2k
− m
2
I
m2I −M2k
ln
m2I
M2k
)
(15)
Here m2R,I = m2H,A are the masses of scalar and pseudo-scalar part of η01,2 and Mk is the
mass of singlet fermion Nk in the internal line. The index i, j = 1, 2, 3 runs over the three
fermion generations as well as three copies of Ni. For m2H +m2A ≈M2k , the above expression
can be simply written as
(mν)ij ≈ m
2
A −m2H
32pi2
YikYjk
Mk
(16)
From the discussion of scalar and pseudoscalar masses above, one can find the mass difference
between η′1r and η′2i to be
m2A −m2H =
√
(M2r22 −M2r11)2 + 4M4r12
The light neutrino mass matrix, in the simplified approximation above (16) has a type I
seesaw structure upto a loop suppression factor. The structure of this mass matrix can be
obtained as
mν = c1YM
−1
R Y
T , c1 =
m2A −m2H
32pi2
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where Y,MR can be found from the Yukawa Lagrangian (6) as
Y =

0 Y12 Y13 Y14
0 Y22 Y23 Y24
0 Y32 Y33 Y34
 , MR =

0 f1u1 f2u1 0
f1u1 0 0 f3u2
f2u1 0 0 f4u2
0 f3u2 f4u2 0
 (17)
The light neutrino mass matrix constructed from these mass matrices has one vanishing
eigenvalue predicting the lightest neutrino mass to be zero. The non-vanishing masses
can be kept within experimentally observed limits (∼ 0.1 eV), either by tuning the Yukawa
couplings or the scalar-pseudoscalar mass difference while keeping the right handed neutrino
mass around the TeV scale. From the right handed neutrino mass matrix written above, it
is also clear that there is a two-fold degeneracy in the masses with two pairs of right handed
neutrinos having degenerate masses.
IV. DARK MATTER
The relic abundance of a dark matter particle DM, which was in thermal equilibrium at
some earlier epoch can be calculated by solving the Boltzmann equation
dnDM
dt
+ 3HnDM = −〈σv〉(n2DM − (neqDM)2) (18)
where nDM is the number density of the dark matter particle DM and neqDM is the number
density when DM was in thermal equilibrium. H is the Hubble expansion rate of the
Universe and 〈σv〉 is the thermally averaged annihilation cross section of the dark matter
particle DM. In terms of partial wave expansion 〈σv〉 = a+ bv2. Numerical solution of the
Boltzmann equation above gives [64, 65]
ΩDMh
2 ≈ 1.04× 10
9xF
MPl
√
g∗(a+ 3b/xF )
(19)
where xF = MDM/TF , TF is the freeze-out temperature, MDM is the mass of dark matter,
g∗ is the number of relativistic degrees of freedom at the time of freeze-out and and MPl ≈
2.4 × 1018 GeV is the Planck mass. Dark matter particles with electroweak scale mass
and couplings freeze out at temperatures approximately in the range xF ≈ 20 − 30. More
generally, xF can be calculated from the relation
xF = ln
0.038gMPlMDM < σv >
g
1/2
∗ x
1/2
F
(20)
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which can be derived from the equality condition of DM interaction rate Γ = nDM〈σv〉 with
the rate of expansion of the Universe H ≈ g1/2∗ T 2MPl . There also exists a simpler analytical
formula for the approximate DM relic abundance [66]
ΩDMh
2 ≈ 3× 10
−27cm3s−1
〈σv〉 (21)
The thermal averaged annihilation cross section 〈σv〉 is given by [67]
〈σv〉 = 1
8m4TK22(m/T )
∫ ∞
4m2
σ(s− 4m2)√sK1(√s/T )ds (22)
where Ki’s are modified Bessel functions of order i, m is the mass of Dark Matter particle
and T is the temperature.
If there exists some additional particles having mass difference close to that of DM, then
they can be thermally accessible during the epoch of DM freeze out. This can give rise to
additional channels through which DM can coannihilate with such additional particles and
produce SM particles in the final states. This type of coannihilation effects on dark matter
relic abundance were studied by several authors in [68–70]. Here we summarise the analysis
of [68] for the calculation of the effective annihilation cross section in such a case. The
effective cross section can given as
σeff =
N∑
i,j
〈σijv〉rirj
=
N∑
i,j
〈σijv〉gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2e
(
−xF (∆i+∆j)
)
(23)
where xF = mDMTF and ∆i =
mi−MDM
MDM
and
geff =
N∑
i=1
gi(1 + ∆i)
3/2e−xF∆i (24)
The masses of the heavier components of the inert Higgs doublet are denoted by mi. The
thermally averaged cross section can be written as
〈σijv〉 = xF
8m2im
2
jMDMK2((mi/MDM)xF )K2((mj/MDM)xF )
×∫ ∞
(mi+mj)2
dsσij(s− 2(m2i +m2j))
√
sK1(
√
sxF/MDM)
(25)
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V. FERMION DARK MATTER IN THE MINIMAL MODEL
The lightest of the four Majorana fermions in the minimal model is the DM in this
scenario if it has mass smaller than the scalar doublets η1,2. Since the singlet fermion mass
matrix is not diagonal, as can be seen from (17), we first diagonalise this mass matrix for
some benchmark structure. For example, we choose f1 = f, f2 = 2f, f3 = 2f, f4 = f, u1 = u2
so that the mass eigenstates of the right handed neutrinos become
χ1 =
1
2
(N1 −N2 −N3 +N4)
χ2 =
1
2
(N1 +N2 +N3 +N4)
χ3 =
1
2
(N1 −N2 +N3 +N4)
χ4 =
1
2
(N1 +N2 −N3 +N4)
having masses −3fu1, 3fu1,−fu1, fu1 respectively. Using the known interactions of N1,2,3,4
we then find out the possible interactions of the lightest among χ’s in order to calculate its
relic abundance. Here we show the results for χ4 fermion dark matter though the results for
χ3 having same mass is exactly similar.
ξ=0.1 ξ=0.01 ξ=0.001 Planck 2015
gBL=0.02, mZBL=2 TeV
mϕ1=1.5 TeV
500 1000 1500 2000 2500
10-5
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Ω
h
2
ξ=0.1 ξ=0.01 ξ=0.001 Planck 2015
gBL=0.075, mZBL=3 TeV
mϕ1=1.5 TeV
500 1000 1500 2000 2500
10-6
0.001
1
1000
mDM(GeV)
Ω
h
2
FIG. 2: Fermion DM relic abundance as a function of DM mass for different benchmark values of
free parameters.
Fermion DM can annihilate into SM particles either through ZBL gauge boson or through
singlet scalar (denoted by φ1, the lightest of the neutral singlet scalars) by virtue of its mix-
ing with the SM Higgs, parametrised by ξ. The relevant interaction vertices are given
in appendix A. We choose benchmark values for MZBL , gBL,mφ1 , ξ and show the relic
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abundance of fermion DM as a function of its mass in figure 2. The resonances due to
2MDM = MZBL , 2MDM = mφ1 are clearly visible in the plots, leading to minimum of the
relic abundance as expected. The shallow nature of the 2MDM = MZBL resonance is due to
the larger decay width of ZBL compared to the singlet scalar φ1.
VI. SCALAR DARK MATTER IN A NON-MINIMAL MODEL
We can not have scalar dark matter in the minimal model discussed above, due to con-
straints from direct detection experiments. This is because the neutral scalar and pseu-
doscalars of both the doublets η1,2 remain degenerate. This will give rise to a large scat-
tering of scalar DM off nuclei through Z boson mediation, which is ruled out by the strong
constraints coming from direct detection experiments, which we discuss in details in the
next section. Here we consider a slight modification of the previous model so that a mass
splitting can be introduced between the neutral scalar and pseudoscalar components of the
scalar doublet. To break the degeneracy between scalar and pseudoscalar components of
the doublet scalar, required to avoid Z boson mediated direct detection scattering, we sim-
ply incorporate the presence of a scalar triplet ∆ with hypercharge 1 and U(1)B−L charge
±2/3. This will allow a term µη1η1∆† or µη2η2∆† breaking the degeneracy between scalar-
pseudoscalar components of η1, η2 respectively. However this also allows other terms like
η1H∆φ1 making the scalar DM unstable. Therefore we change the singlet scalar charges of
the minimal model apart from incorporating the triplet. Also, it turns out that in this case,
the correct neutrino mass can be generated at one loop with just one inert scalar doublet η.
The modified scalar content of the model is shown in table III.
The Yukawa Lagrangian for leptons in this model can be written as
LY = Ye`LHeR + Yi2(`L)iiτ2η∗N2 + Yi3(`L)iiτ2η∗N3 + f1φ1N2N2
+ f2φ1N3N3 + f3φ1N2N3 + f4φ2N2N4 + f5φ2N3N4 + h.c. (26)
It is clear from this Yukawa Lagrangian that the heavy neutrino N1 remains massless at
renormalisable level. One can however, introduce non-renormalisable operators contributing
to the right handed neutrino masses as
f6
1
Λ
φ†1φ2N1N1 + f7
1
Λ
φ21φ2N4N4
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Particles SU(3)c × SU(2)L × U(1)Y × U(1)B−L
H =
H+
H0
 (1, 2, 12 , 0)
η =
η+
η0
 (1, 2, 12 , 13)
∆ =
δ+/√2 δ++
δ0 −δ+/√2
 (1, 3, 1, 23)
φ1 (1, 1, 0,
4
3)
φ2 (1, 1, 0, 2)
TABLE III: Scalar content of the non-Minimal Model
where Λ is the unknown cut-off scale above the scale of U(1)B−L symmetry. The scalar
potential of the model can be written as
V = −µ2H |H|2 + λH |H|4 +
(
µ2η|η|2 + λη|η|4
)
+
∑
i=1,2
(−µ2φi |φi|2 + λφi |φi|4)
+ λHη(η
†η)(H†H) + λ′Hη(η
†H)(H†η) +
∑
i=1,2
λHφi(φ
†
iφi)(H
†H)
+ µ∆η
(
(ηT∆†η) + h.c.
)
+
∑
j=1,2
ληφj(η
†η)(φ†jφj) + λφ(φ
†
1φ1)(φ
†
2φ2)
+ µ2∆Tr
[
∆†∆
]
+ λ∆1
[
Tr
[
∆†∆
]]2
+ λ∆2Tr
[[
∆†∆
]2]
+ Tr
[
∆†∆
][
λ∆H(H
†H)
+ λ∆η(η
†η) +
∑
i=1,2
λ∆φi(φ
†
iφi)
]
(27)
Also, the smallness of the vev of the neutral component of ∆ does not arise naturally in
the form of an induced vev after electroweak symmetry breaking. This is due to the absence
of trilinear coupling of the form HH∆† in the model. However, one needs to keep the vev of
left triplet scalar small as the constraints from electroweak ρ parameter restricts it to vδ ≤ 2
GeV [10]. In the Standard Model, the ρ parameter is unity at tree level, given by
ρ =
M2W
M2Z cos
2 θW
where θW is the Weinberg angle. But in the presence of left scalar triplet vev, there arises
additional contribution to the electroweak gauge boson masses which results in a departure
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of the ρ parameter from unity at tree level.
ρ =
1 +
2v2δ
v2
1 +
4v2δ
v2
Experimental constraints on the ρ parameter ρ = 1.00040± 0.00024 [10] forces one to have
vδ ≤ 2 GeV. Since, this can not be generated as an induced vev (which can be naturally
small), one has to fine tune the quartic couplings and bare mass term of ∆ scalar in order to
generate such a small vev. However, if we introduce higher dimensional operators, then it is
possible to generate an induced vev due to the existence of 1
Λ
(HT∆†H)(φ†2φ1) term. Using
the notations for vev as before, we can write down the induced vev as
〈δ0〉 = vδ√
2
=
v2u1u2
4M2∆Λ
This gives additional contribution to W boson mass as
M2W =
g2v2
4
+
g2v2δ
2
The neutral gauge boson mass matrix in the basis (W3µ, Bµ, B′µ) is given by
M20 =

1
4
g2v2 + g2v2δ −14gg′v2 − gg′v2δ 23ggBLv2δ
−1
4
gg′v2 − gg′v2δ 14g′2v2 + g′2v2δ −23g′gBLv2δ
2
3
ggBLv
2
δ −23g′gBLv2δ 49g2BLv2δ + g2BL
(
16
9
u21 + 4u
2
2
)
 (28)
In the limit vδ  v  u1,2, the non-zero eigenvalues are
M2Z ≈
1
4
(g2 + g′2)(v2 + 4v2δ ) +
1
4
(g2 + g′2)
v2v2δ
4u21 + 9u
2
2
M2ZBL ≈
4
9
g2BL(4u
2
1 + 9u
2
2 + v
2
δ )
The vanishing eigenvalue corresponds to the massless photon. The other two mixing angles
are given by
cos2 θW =
g2v2 + 4g2v2δ
4M2Z
tan θm =
8gBLv
2
δ
3g′(v2 + 4v2δ )
where θW corresponds to the usual Weinberg angle whereas θm corresponds to the mixing
between Z and ZBL gauge bosons. Clearly, this mixing is zero in the limit of vδ → 0.
The required value of vδ is obtained from the mass splitting between scalar-pseudoscalar
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components of η. From the scalar potential given in (27), the mass splitting between η0r, η0i
where η0 = (η0r + iη0i)/
√
2 is given by
M2η0i −M2η0r = 2
√
2µ∆ηvδ
Thus, even if the mass splitting is as large as 50 GeV, considered in this work, we can
generate a small vδ < 2 GeV, by tuning the trilinear mass parameter µη∆ accordingly. Even
for such maximum possible value of vδ and gBL ∼ g′, the mixing between Z − ZBL comes
out to be
tan θm ≈ 1.7× 10−4
We therefore, ignore the effects due to such gauge mixing in our calculations.
νi νj
Nk Nl
η η
〈δ0〉
FIG. 3: One loop neutrino mass for the particle content shown in table I, III
Light neutrino masses can be generated at one loop level through the diagram shown in
figure 3. Similar to earlier analysis, here also the approximate structure of the light neutrino
mass matrix can be obtained as
mν = c1YM
−1
R Y
T , c1 =
M2η0i −M2η0r
32pi2
=
2
√
2µ∆ηvδ
32pi2
where Y,MR are can be found from the Yukawa Lagrangian (26) in (νe, νµ, ντ ), (N2, N3, N4)
basis as
Y =

Y12 Y13 0
Y22 Y23 0
Y32 Y33 0
 , MR =

f1u1 f3u1 f4u2
f3u1 f2u1 f4u2
f4u2 f4u2 f7
u21
Λ
 (29)
18
It is clear that the light neutrino mass matrix constructed from these give rise to a vanish-
ing eigenvalue that is, a scenario with vanishing lightest neutrino mass. This is a similar
prediction like the minimal model discussed before. On the other hand, one of the right
handed neutrinos N1 can remain light in this scenario, as its mass is generated only by di-
mension five operators. Such a light right handed neutrino can have interesting cosmological
consequences.
The components of dark scalar doublet η acquire masses as
M2η± = µ
2
η +
1
2
λHηv
2 +
1
2
ληφ1u
2
1 +
1
2
ληφ2u
2
2,
M2η0r = µ
2
η +
1
2
(λHη + λ
′
Hη)v
2 +
√
2µ∆ηvδ +
1
2
ληφ1u
2
1 +
1
2
ληφ2u
2
2
= M2η± +
1
2
λ′Hηv
2 +
√
2µ∆ηvδ,
M2η0i = µ
2
η +
1
2
(λHη + λ
′
Hη)v
2 −
√
2µ∆ηvδ +
1
2
ληφ1u
2
1 +
1
2
ληφ2u
2
2
= M2η± +
1
2
λ′Hηv
2 −
√
2µ∆ηvδ. (30)
Without loss of generality, we consider η0r as the DM candidate which implies µ∆η <
0, 1
2
λ′Hηv
2 +
√
2µ∆ηvδ < 0 so that the CP even neutral scalar η0r is the lightest among
the components of η and hence a stable DM candidate.
The new scalar fields discussed above can be constrained from the LEP I precision mea-
surement of the Z boson decay width. In order to forbid the decay channel Z → η0rη0i, one
arrives at the constraint Mη0r + Mη0r > MZ . In addition to this, the LEP II constraints
roughly rule out the triangular region [71]
Mη0r < 80 GeV, Mη0i < 100 GeV, Mη0i −Mη0r > 8 GeV
The LEP collider experiment data restrict the charged scalar mass to mη± > 70 − 90 GeV
[72]. The Run 1 ATLAS dilepton limit on such charged component of additional scalar
doublets have also been discussed in [73] taking into consideration of specific masses of
charged Higgs. Another important restriction on Mη± comes from the electroweak precision
data (EWPD). Since the contribution of the additional scalar doublet η to electroweak
S parameter is always small [74], we only consider the contribution to the electroweak T
parameter here. The relevant contribution is given by [74]
∆T =
1
16pi2αv2
[F (Mη± ,Mη0i) + F (Mη± ,Mη0r)− F (Mη0i ,Mη0r)] (31)
19
where
F (m1,m2) =
m21 +m
2
2
2
− m
2
1m
2
2
m21 −m22
ln
m21
m22
(32)
The EWPD constraint on ∆T is given as [75]
− 0.1 < ∆T + Th < 0.2 (33)
where Th ≈ − 38pi cos2 θW ln
mh
mZ
is the SM Higgs contribution to the T parameter [76].
Another important bound on such additional stable scalars can come from the LHC
measurements of the SM Higgs invisible decay width. However, this constraint is applicable
only for dark matter mass MDM < mh/2. The invisible decay width is given by
Γ(h→ Invisible) = λ
2
Lv
2
64pimh
√
1− 4M2DM/m2h (34)
Here, λL = (λHη + λ′Hη). The latest constraint on invisible Higgs decay from the ATLAS
experiment at the LHC is [77]
BR(h→ Invisible) = Γ(h→ Invisible)
Γ(h→ Invisible) + Γ(h→ SM) < 22%
. We incorporate this bound on light scalar DM mass in the next section.
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FIG. 4: Relic abundance of scalar doublet dark matter η0r as a function of its mass for different
benchmark values of DM-Higgs coupling, in the low mass regime. The mass splitting between
η0i, η± and η0r is fixed at 5 GeV, 50 GeV in the left and right panel plots respectively.
The relic abundance of scalar DM for some benchmark values of mass splitting, DM-Higgs
couplings are shown in figure 4, 5 for low and high mass regimes respectively. The effects
of coannihilations between different components of the scalar doublet η are very dominant
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FIG. 5: Relic abundance of scalar doublet dark matter η0r as a function of its mass for different
benchmark values of DM-Higgs coupling, in the high mass regime. The mass splitting between
η0i, η± and η0r is fixed at 5 GeV.
for small mass splitting ∆mη = 5 GeV, as can be seen from the left panel of the figure 4.
The multiple resonances shown in the left panel of figure 4 corresponds to W±, Z and SM
Higgs (h) mediated (co)annihilations. As we increase the mass splitting to 50 GeV, such
coannihilation effects disappear and only the DM annihilation through SM Higgs remains,
as can be seen from the single resonance shown in the right panel plot of figure 4. In fact,
for low mass DM such small mass splitting is disfavoured from LEP II data as mentioned
above. However, we calculate the relic abundance in this regime to see the interesting
differences originating from enhanced coannihilations. In the high mass regime, apart from
the usual Higgs portal and electroweak gauge boson portal interactions, we also include the
ZBL mediated annihilations for benchmark values of MZBL , gBL. As seen from the figure
5, the impact of this ZBL portal on scalar DM relic abundance is very minimal. The relic
abundance in the high mass regime is mainly dominated by the usual DM-Higgs coupling
λL and the mass splitting ∆mη. We also take the singlet scalar φ1 mediated annihilations
of scalar DM and its contribution to the relic abundance. As can be seen from figure 5, this
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gives rise to a new resonance due to s channel mediation of φ1 resulting in a new allowed
region of scalar doublet DM in the high mass regime. Due to smaller decay width of φ1
compared to ZBL, this resonance is efficient enough to bring the usually overproduced DM
in high mass regime to the allowed range.
VII. DIRECT DETECTION OF DARK MATTER
Apart from the relic abundance constraints from Planck experiment, there exists strict
bounds on the dark matter nucleon cross section from direct detection experiments like LUX
[32], PandaX-II [33, 34] and Xenon1T [35]. For fermion dark matter, there are two ways
through which it can scatter off nuclei: one is mediated by ZBL and the other mediated
by scalars. The scalar mediated interactions occur due to mixing of singlet scalars of the
model with the SM Higgs boson. Both these interactions give rise to spin independent
DM-nuclei scattering only due to the absence of axial or pseudoscalar type couplings of the
mediators with the quarks. Adopting the general formalism given in [78], the ZBL mediated
DM-nucleon cross section is found to be
σSI =
g4BLv
2m2χm
4
n
2piM4ZBL(mn +mχ)
4
(35)
where mn is the mass of nucleon, mχ is the DM mass and v ≈ 0.1%c is the typical speed of
DM particle. The scalar mediated DM-nucleon scattering cross section is
σSI =
λ2χφµ
2
χnξ
2
pim4φ1
f 2n,p (36)
where µχn is the reduced mass of the DM-nucleon system, mφ1 is the mass of the mediator
and ξ is the mixing parameter between φ1 and the SM Higgs boson. Also, λχφ is the coupling
between DM and scalar φ1 and the parameters fn,p correspond to scalar nucleon couplings,
taken as input from QCD calculations [79].
We first show the direct detection cross section mediated by the ZBL boson for different
benchmark values of ZBL masses and couplings gBL. As can be seen from figure 6, the
model can survive the Xenon1T bound even if the ZBL mass is close to a few TeV and
gBL ∼ 0.075, 0.02. These bounds are in fact weaker than the LEP II bound MZBL/gBL ≥ 7
TeV mentioned earlier. This can be realised by taking even smaller values of ZBL mass and
larger values of gauge coupling gBL as the spin independent direct detection cross section
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FIG. 6: Spin independent direct detection cross section for fermion DM mediated by ZBL for
different benchmark values of gBL,MZBL .
ξ=0.1 ξ=0.01 ξ=0.001 XENON 1T
mϕ1= 1.5 TeV
5 10 50 100 500 1000
1. × 10-61
1. × 10-57
1. × 10-53
1. × 10-49
1. × 10-45
mDM(GeV)
σ S
I
(
c
m
2
)
FIG. 7: Spin independent direct detection cross section for fermion DM mediated by singlet scalar
φ1 for different benchmark values of φ1-Higgs mixing ξ.
remains very much suppressed compared to the Xenon1T bound. However, the latest LHC
bound can rule out such combinations of MZBL , gBL as we discuss below. We also show the
scalar mediated direct detection cross section for fermion DM, using different benchmark
values of φ1−Higgs mixing ξ in figure 7 and found them to be lying within the Xenon1T
upper limit.
To find the allowed parameter space of fermion DM model, we perform a random scan of
three parameters MDM ,MZBL , gBL and plot the direct detection cross section for only those
parameters that satisfy the relic abundance criteria. The plot is shown in figure 8. The
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FIG. 8: Spin independent direct detection cross section for fermion DM mediated by ZBL for
randomly varied MDM ,MZBL , gBL in the range denoted by the labels.
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FIG. 9: Parameter space allowed from relic abundance and direct detection criteria of fermion DM
annihilating purely through ZBL portal for randomly variedMDM ,MZBL , gBL in the range denoted
by the labels. The excluded parts of parameter space corresponding to LEP, LHC are shown as
shaded regions.
scalar mediated interactions are not taken into account in this scan, so that the strongest
constraint on the new gauge sector can be obtained. It shows that DM masses in the entire
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FIG. 10: Spin independent direct detection cross section for scalar DM for different benchmark
values of DM-Higgs couplings. The region ruled out from Xenon1T and LHC results are shown as
shaded regions.
mass range scanned MDM ∈ (10, 8000) GeV remain allowed by the Xenon1T constraint for
the chosen range of gauge sector parameters gBL ∈ (10−4, 0.6),MZBL ∈ (20, 16000) GeV. We
also show the LEP II bound for comparison in figure 8. The exclusion line corresponding to
this is derived by using MZBL/gBL = 7 TeV in the direct detection formula given by (35). It
is interesting that the LEP II boundMZBL/gBL ≥ 7 TeV remains stronger than the Xenon1T
bound and has the potential of ruling few points in the low mass regime of DM. We also
include the latest bound from the LHC on the mass of ZBL gauge boson and corresponding
coupling gBL given in [80] for ZBL masses all the way upto 5 TeV. Since fermion DM relic is
satisfied for mDM ≈MZBL/2, there arises a sharp cut-off at mDM = 2.5 TeV, since the LHC
bound is available only tillMZBL = 5 TeV. Thus, the latest LHC bound is stronger than both
Xenon1T and LEP bounds in the low mass regime of DM. We also show the corresponding
parameter space in gBL−MZBL plane in figure 9. For simplicity, in the scanned plot of figure
9, we apply the most conservative Xenon1T bound, corresponding to DM mass of 35 GeV
[35] and minimum of the exclusion line shown before.
For scalar dark matter considered in this work, the relevant spin independent scattering
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cross section mediated by the SM Higgs boson is given as [74]
σSI =
λ2Lf
2
4pi
µ2m2n
m4hm
2
DM
(37)
where µ = mnmDM/(mn + mDM) is the DM-nucleon reduced mass and λL is the quartic
coupling involved in DM-Higgs interaction. A recent estimate of the Higgs-nucleon coupling
f gives f = 0.32 [81] although the full range of allowed values is f = 0.26 − 0.63 [82].
We show the Higgs mediated direct detection cross section for scalar doublet dark matter
in figure 10 for different benchmark values of λL. We find that for large values of quartic
coupling λL ∼ 0.1, scalar DM mass upto a TeV can be ruled out by the Xenon1T bound.
We also show the region ruled out by the LHC limit on the Higgs invisible decay width and
found this bound to be much weaker than the latest Xenon1T limits.
VIII. INDIRECT DETECTION OF DARK MATTER
Apart from direct detection experiments, DM can also be probed at different indirect
detection experiments that are looking for SM particles produced either through DM an-
nihilations or via DM decay in the local Universe. Among these final states, photon and
neutrinos, being neutral and stable can reach the indirect detection experiments without
getting affected much by intermediate regions of space on the way from source to to the
detector. If the DM is of WIMP type, like the one we are discussing in the present work,
these photons lie in the gamma ray regime that can be measured at space based telescopes
like the Fermi Large Area Telescope (LAT) or ground based telescopes like MAGIC. Here
we constrain the DM parameters from the indirect detection bounds arising from the global
analysis of the Fermi-LAT and MAGIC observations of dSphs [83].
The observed differential gamma ray flux produced due to DM annihilations is given by
dΦ
dE
(4Ω) = 1
4pi
〈σv〉J(4Ω)
2M2DM
dN
dE
(38)
where4Ω is the solid angle corresponding to the observed region of the sky, 〈σv〉 is the ther-
mally averaged DM annihilation cross section, dN/dE is the average gamma ray spectrum
per annihilation process and the astrophysical J factor is given by
J(4Ω) =
∫
4Ω
dΩ′
∫
LOS
dlρ2(l,Ω′). (39)
26
In the above expression, ρ is the DM density and LOS corresponds to line of sight. Thus,
measuring the gamma ray flux and using the standard astrophysical inputs, one can constrain
the DM annihilation into different final states like µ+µ−, τ+τ−,W+W−, bb¯. Since DM can
not couple to photons directly, gamma rays can be produced from such charged final states.
Using the bounds on DM annihilation to these final states [83], we show the status of our
model for different benchmark values of parameters.
Since the constraint on DM annihilation given in [83] was for 100% annihilations in to
a particular final state, we use the appropriate weight factor w < 1 while comparing the
model prediction with the constraints. For example, to compare the DM annihilation to
µ+µ− final state with the Fermi-LAT constraint, we multiply σv(DM DM→ µ+µ−) by the
weight factor
w =
σv(DM DM→ µ+µ−)
σv(DM DM→ All) .
This is equivalent to dividing the Fermi-LAT bound by w < 1 and comparing with
σv(DM DM → µ+µ−). Since there are multiple annihilation channels to different final
states, the Fermi-LAT constraints on individual final states are weak for most of the cases.
Only in the case of scalar DM annihilations into W+W− final states, the constraints can be
very severe as scalar DM into W+W− is the most dominant annihilation channel for certain
mass range of DM.
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FIG. 11: Fermion DM annihilations into µ+µ−, τ+τ− compared against the indirect detection
bounds. The points denoted by × correspond to the ones satisfying relic abundance criteria.
We first show the fermion DM annihilation to these final states in figure 11 and 12 for
different benchmark points including the ones used to show the relic abundance as well. We
also mark the points by a × which correspond to the correct relic abundance of fermion
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FIG. 12: Fermion DM annihilations into W+W−, bb¯ compared against the indirect detection
bounds. The points denoted by × correspond to the ones satisfying relic abundance criteria.
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FIG. 13: Scalar DM annihilations into µ+µ−, τ+τ− compared against the indirect detection bounds.
The mass splitting between scalar doublet components is ∆mη = 5 GeV. The points denoted by ×
correspond to the ones satisfying relic abundance criteria.
DM. It can be seen that, fermion DM having mass near the resonance region MDM = mφ1/2
for the scalar mediated annihilations, some of the annihilations can almost saturate the
Fermi-LAT plus MAGIC bounds. On the other hand, the bounds from W+W− final states
is weaker even for mixing between singlet scalar and SM Higgs ξ as large 0.1, as can be seen
from the left panel of figure 12. However, as the relic abundance plots in figure 2 shows,
the DM remains under-abundant in the resonance region and hence such scenarios are still
allowed from indirect detection bounds. We apply the relic bound on the indirect detection
plots shown in figure 11 and 12 by marking those points of mDM which satisfy the correct
relic abundance criteria, as can be seen from figure 2.
Similar observation is also made for the scalar DM annihilations into these final states
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FIG. 14: Scalar DM annihilations into W+W−, bb¯ compared against the indirect detection bounds.
The mass splitting between scalar doublet components is ∆mη = 5 GeV. The points denoted by ×
correspond to the ones satisfying relic abundance criteria.
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FIG. 15: Scalar DM annihilations into W+W− compared against the indirect detection bounds.
The mass splitting between scalar doublet components is ∆mη = 50 GeV. The points denoted by
× correspond to the ones satisfying relic abundance criteria.
as shown in figure 13 and 14. Although the DM annihilations to τ+τ−, bb¯ saturates the
experimental limits only near the Higgs resonance MDM = mh/2, the limit on DM anni-
hilations into W+W− is more severe and it can rule out DM mass upto a few hundred
GeV’s depending on the mass splitting between dark scalar doublet components as well as
DM-Higgs coupling λL. This is because of the large annihilation cross section of scalar DM
into W+W− pairs for mDM > MW that can not be suppressed due to its sole dependence
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on gauge couplings. However, in the high mass region mDM > MW , the relic remains under-
abundant as seen from the figure 5, specially in the range of DM mass where the constraints
from W+W− final state are very strong. Beyond a mass of 500 GeV, it is possible to satisfy
relic as well as indirect detection constraints simultaneously. But for larger mass splitting
say ∆mη = 50 GeV, even the high mass region is ruled out by the strong constraints from
indirect detection, as can be seen from figure 15. In the low mass region, specially near
the Higgs resonance, the indirect detection bounds can be severe as can be seen clearly by
comparing the relic abundance plot in figure 4 with the indirect detection ones in figure
13. We in fact denote the points which satisfy the relic abundance criteria in the indirect
detection plots shown in figure 13 and 14 and find that all of them remain allowed currently
from the Fermi-LAT plus MAGIC bounds. On the other hand, for large splitting, the points
satisfying correct relic are disallowed by the indirect detection bounds as seen from figure
15.
It should be noted that apart from Fermi-LAT and MAGIC, there are other experiments
which put equally strong bounds on DM annihilations to different charged particle final
states. For example, there exists strong constraints on DM annihilations from ten years of
observations with HESS experiment, as reported recently in [84, 85]. As seen from [85], the
HESS constraints on DM annihilations into τ+τ− final state is very strong and can reach
the 〈σv〉 values expected for DM annihilating at thermal relic cross section. However, since
DM in our model remains under-abundant near the resonance regions that can saturate
these indirect detection bounds, it does not rule out the allowed parameter space from relic
criteria, as discussed above in the context of Fermi-LAT plus MAGIC bounds.
IX. LEPTON FLAVOUR VIOLATION
Charged lepton flavour violating decay is a promising process to study from BSM physics
point of view. In the SM, such a process occurs at loop level and is suppressed by the small-
ness of neutrino masses, much beyond the current experimental sensitivity [86]. Therefore,
any future observation of such LFV decays like µ → eγ will definitely be a signature of
new physics beyond the SM. In the present model, such new physics contribution can come
from the charged component of the additional scalar doublet η going inside a loop along
with singlet fermions. Adopting the general prescriptions given in [87], the decay width of
30
µ→ eγ can be calculated as
Γ(µ→ eγ) = Y
4
(
m2µ −m2e
)3
(m2µ +m
2
e)
4096pi5m3µm
4
η−
[
((t− 1)(t(2t+ 5)− 1) + 6t2 ln t)2
144(t− 1)8
]
(40)
where t = m2N/m2η− . The corresponding branching ratio can be found by
BR(µ→ eγ) ≈ Γ(µ→ eγ)
Γµ
where Γµ ≈ 2.996 × 10−19 GeV denotes the total decay width of muon. The latest bound
from the MEG collaboration is BR(µ→ eγ) < 4.2× 10−13 at 90% confidence level [86].
We consider a scalar DM scenario so that the singlet neutrinos are heavier than η. By
keeping the mass splitting within η to be 5 GeV, we show the new physics contribution to
µ → eγ in figure 16 for different benchmark values of Yukawa couplings and mass ratio
between singlet fermion and scalar DM. It is seen that even for Yukawa couplings as small
as 10−2, this new physics contribution can saturate the experimental upper limit from MEG.
We get similar features, even if we consider singlet fermion DM instead of scalar one.
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FIG. 16: BR(µ→ eγ) as a function of scalar DM mass for different values of Yukawa couplings and
singlet fermion mass. The mass splitting between scalar doublet components is ∆mη = 5 GeV.
It should be noted that there are other LFV processes like µ− → e+e−e− or µ− → e−
conversion in nuclei which can get additional contribution at one loop level in this model.
For details of such processes, one can refer to [88]. For the chosen benchmark values of heavy
singlet neutrinos and DM mass range, the contribution to BR(µ → eγ) from new physics
remains dominant over others, as shown by the authors of [88]. Also, the constraints on
BR(µ → eγ) has got updated by MEG experiment recently whereas the bounds on other
processes are relatively older [89, 90].
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Another interesting flavour observable (a lepton number violating one) is the neutrinoless
double beta decay which is tightly constrained from null results at several experiments
mentioned earlier [14]. However, the present models do not have any extra contributions
to this process at tree level. Therefore, the contribution to this process will be dominated
by standard light neutrino mediation which can be kept within limits for hierarchical light
neutrino spectrum. Since our models naturally lead to a hierarchical pattern with the lightest
neutrino being massless, these bounds can be satisfied naturally.
X. COLLIDER SIGNATURES
Since all the SM fermions are charged under the U(1)B−L gauge interaction, there can
be significant production of the corresponding ZBL gauge boson in proton proton collisions
[49, 91]. Such heavy gauge boson, if produced at colliders, can manifest itself as a narrow
resonance through its decay into dileptons, say. Since the U(1)B−L charges of the leptons
are three times that of quarks, the decay of ZBL into leptons are more in spite of the extra
colour factor of quarks. This can be seen from the plot in figure 17 showing the branching
ratio of ZBL into different final states, along with the total decay width.
Although the branching ratio does not depend upon the value of gauge coupling gBL, the
production of this gauge boson in proton proton collisions is sensitive to this. If this coupling
is comparable to the electroweak gauge couplings, then such a gauge boson can be produced
significantly in colliders. The latest measurement by the ATLAS experiment at 13 TeV LHC
constrains such gauge boson mass to be heavier than 3.6 − 4.0 TeV depending on whether
the final state leptons are of muon or electron type [80]. The corresponding bound for tau
lepton final states measured by the CMS experiment at 13 TeV LHC is slightly weaker, with
the lower bound on ZBL mass being 2.1 TeV [92]. In deriving the bounds for e+e−, µ+µ−
final states, the corresponding gauge coupling was chosen to be gBL ≈ 0.28. Therefore, such
bounds can get weaker if we consider slightly smaller values of gauge couplings.
The differential cross section with respect to the invariant final state dilepton mass Mll
is
dσ
dMll
=
∑
a,b
∫ 1
M2
ll
E2
CM
dx
2Mll
xE2CM
fa(x,Q
2)fb
(
M2ll
xE2CM
, Q2
)
σˆ(qq¯ → ZBL → l+l−), (41)
with fa being the parton distribution function for a parton denoted by ’a’ and ECM = 13
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FIG. 17: Decay width and branching ratio of ZBL into different final states. The shaded regions in
the first three plots correspond to the regions ruled out by the LEP and LHC bounds.
TABLE IV: Cross Sections (pb) for pp→ µµ¯
MZBL(TeV ) gBL = 0.01 gBL = 0.05
2 1.44× 10−5 3.600× 10−4
3 1.29× 10−6 3.237× 10−5
4 1.52× 10−7 3.802× 10−6
5 1.91× 10−8 4.776× 10−7
TeV is the LHC centre of mass energy. The cross section σˆ is given by [49]
σˆ =
1
81
g4BL
4pi
M2ll
(M2ll −M2ZBL)2 +M2ZBLΓ2ZBL
(42)
Since the decay width of ZBL boson is narrow, the cross section is almost determined by the
integral in the vicinity of the resonance. In the narrow width approximation we can use
σ(pp→ ZBL → l+l−) = σ(pp→ ZBL)BR(ZBL → l+l−) (43)
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TABLE V: Cross Sections (pb) for pp→ χχ
MZBL(TeV) gBL = 0.01 gBL = 0.05
2 5.680× 10−7 1.420× 10−5
3 5.129× 10−8 1.283× 10−6
4 6.040× 10−9 1.510× 10−7
5 7.570× 10−10 1.898× 10−8
TABLE VI: Cross Sections (pb) for pp→ η0rη0i
MZBL(TeV) gBL = 0.01 gBL = 0.05
2 1.576× 10−6 3.938× 10−5
3 1.432× 10−7 4.208× 10−6
4 1.684× 10−8 4.208× 10−7
5 2.117× 10−9 5.294× 10−8
We first calculate the production cross section σ(pp → ZBL) for benchmark values of
gBL,MZBL at 13 TeV LHC and then multiply by the respective branching ratio to find
the final state cross sections. We particularly choose some benchmark values of gBL,MZBL
which are still allowed by the latest LHC constraints [80]. The numerical values of these
cross sections for different values of gBL,MZBL are shown in table IV, V, VI for µ+µ−, χχ
and η0r, η0i final states respectively. Although the last two final states just correspond to
missing energies depending on fermionic or bosonic nature of DM, the leptonic final states
can saturate the ATLAS bounds [80]. In fact, for gBL = 0.05, ZBL mass of 2 TeV can
saturate the ATLAS upper bounds if we compare the results in table IV with the results of
[80]. A more detailed analysis of the model from collider point of view is beyond the scope
of the present work and we leave it for future discussions.
XI. RESULTS AND CONCLUSION
We have studied a U(1)B−L gauge extension of the SM that can explain the origin of
neutrino mass and dark matter simultaneously. The new fermions that take part in making
the U(1)B−L model anomaly free can not only provide a stable dark matter candidate, but
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can also give rise to light neutrino masses at one loop level. There also exists additional scalar
doublets apart from the SM Higgs, that take part in the radiative generation of neutrino
mass. We discuss two different versions of the model, one with fermion singlet DM and the
other with scalar doublet DM. We first calculate the mass spectra for both the models after
the spontaneous symmetry breaking. We find that for the minimal scalar content, both the
models predict the lightest neutrino mass to be zero.
We first calculate the relic abundance of both fermion and scalar DM and show how
it depends on the model parameters, specially the ones related to the U(1)B−L sector.
The fermion DM relic abundance crucially depends on the U(1)B−L gauge sector param-
eters gBL,MZBL , typically satisfying the relic abundance criteria near the resonance region
2MDM = MZBL . There can also be Higgs portal interactions due to the existence of ad-
ditional singlet scalars that not only take part in spontaneous breaking of U(1)B−L gauge
symmetry, but can also assist in fermion DM annihilation into SM particles through its
mixing with the SM Higgs boson. On the other hand, the scalar DM relic abundance is not
very sensitive to the U(1)B−L sector physics and is mostly dictated by the Higgs portal and
electroweak gauge sector interactions. The relic abundance criteria can be satisfied in two
mass regions namely, the low mass regime MDM < MW and high mass regime MDM > 500
GeV.
We then study the sensitivity of direct detection experiments to both fermion and scalar
DM. The spin independent DM-nucleon cross section for fermion DM is found to lie within
the latest upper limit given by the Xenon1T experiment. This is observed by taking both
gauge and scalar mediated DM-nucleon scatterings. A random scan of fermion DM param-
eter space consistent with relic abundance criteria also shows the entire DM mass range
remains allowed from the direct detection constraints. In fact the Xenon1T constraints re-
main weaker than the LEP II bound MZBL/gBL ≥ 7 TeV as well as LHC bound in fermion
DM case, as can be seen from figure 8. The direct detection cross section of scalar DM
is mostly controlled by the DM-Higgs coupling and is more sensitive to experiments like
Xenon1T, primarily due to lighter mediator that is, SM Higgs. We find that for DM-Higgs
coupling 0.1, scalar DM masses are ruled out even beyond 1 TeV by the Xenon1T limits. The
LHC limit on the Higgs invisible decay width also rules out some region of parameter space
for MDM < mh/2 although this constraint remains much weaker than the Xenon1T bounds.
We also check the indirect detection bounds on DM annihilations into different SM final
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states and found that these limits can be saturated only by scalar DM for certain region of
parameter space while fermion DM parameter space satisfying correct relic remains allowed.
The scalar DM parameter space is more constrained by such indirect detection bounds com-
pared to the fermion counterpart. For example, scalar DM mass can be ruled out far beyond
1 TeV for certain benchmark parameters if we incorporate the indirect detection bounds on
DM annihilations into W+W− final states.
We then check the sensitivity of rare decay experiments like MEG looking for charged
lepton flavour violating decay µ → eγ to the parameter space of the model. This can arise
at one loop level due to similar diagrams that give rise to light neutrino masses. Thus, the
same parameters that affect DM phenomenology and light neutrino mass can also give rise
to a new contribution to this rare decay process. We find that for some typical values of
Yukawa couplings and DM masses, the model can saturate the MEG upper limit on the
branching ratio of µ→ eγ and hence can be probed in near future searches.
Finally, we briefly discuss the possibility of probing such a model at energy frontier
experiments like the LHC. We calculate the decay width and branching ratio of ZBL into
different final states like leptons, DM etc. After calculating the production cross section of
ZBL in proton proton collisions at 13 TeV centre of mass energy of the LHC, we multiply
the branching ratio into respective final states to estimate the total cross section into final
states. This is possible due to the narrow decay width of the ZBL boson. We find that, the
model can be ruled out by the LHC bounds on heavy dilepton resonance searches if ZBL
mass is around 2 TeV and the corresponding gauge coupling is 0.05. The model can also
predict other final states with missing energy that can be probed at ongoing and near future
colliders. We leave a detailed collider study of such final states to future works.
In summary, we have proposed a framework for common origin of neutrino mass and dark
matter within a U(1)B−L gauge extension of the SM so that the fermion fields responsible for
radiative neutrino mass and DM phenomenology can also keep the U(1)B−L model anomaly
free. Dark matter is stabilised by a remnant symmetry after the spontaneous breaking of the
U(1)B−L gauge symmetry, without requiring any ad-hoc symmetry to guarantee is stability.
We discuss both scalar and fermion DM in two different versions of the model and show
that the model, apart from predicting a vanishing lightest neutrino mass scenario, can have
signatures at cosmic, intensity as well as energy frontier experiments. Ongoing as well as
near future experiments in all these three frontiers are going to probe a significant region of
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parameter space of the proposed model.
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Appendix A: Interaction Vertices
Here we list the relevant vertices of different interactions, derived from the Lagrangian.
They are used in calculation of different cross sections and decay widths. Some notations
are defined in the table VII followed by the interaction vertices in table VIII.
TABLE VII: Relevant Parameters for Interaction Vertices
λL = (λHη + λ
′
Hη)
nf = U(1)B−L charge of SM fermions
nη = U(1)B−L charge of η
nχ = U(1)B−L charge of χ
λHφ1 =
m2φ1
−m2h
2vu1
ξ
f =
mχ
u1
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TABLE VIII: All new possible vertices
Interactions Vertices Interactions Vertices
η0r η0r h λLv η
0r η0r φ1 ληφ1u1
η+ η− h λLv − (M2η0r +M2η0i − 2M2η+)/v η+ η− φ1 ληφ1u1
η0i η0i h λLv = (λHη + λ
′
Hη)v η
0i η0i φ1 ληφ1u1
η0i η0i h h 2λL η
0r η0r Z Z (ig2/2 cos2 θw)gµν
η+ η− h h λL − (M2η0r +M2η0i − 2M2η+)/v2 η+ η− γ −ie
η0r η0r h h 2λL η
0I η− W+ g/2
φ1 h h i(λHφ1 u1/2) η
+ η− W+ W− (ig2/2)gµν
η0r η− W+ g/2 η0R η0I ZBL i nη gBL
η+ η− Z Z (ig2(1− 2 sin2 θw)2/2 cos2 θw)gµν φ1 f f¯ (i ξ mf/v)
η+ η− Z (−ig(1− 2 sin2 θw)/2 cos θw) φ1 W+ W− ig mW gµν
η0I η0I Z Z (ig2/2 cos2 θw)gµν φ1 Z Z (ig mZ/ cos θw) gµν
η0r η0i Z (g/2 cos θw) f f¯ ZBL −i nf gBL γµ
η0r η0r W+ W− (ig2/2)gµν χ χ φ1 −f/2
η0I η0I W+ W− (ig2/2)gµν χ χ ZBL i nχ gBL γµ R
η+ η− γ γ 2ie2gµν
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